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►  Well-graphitized  CNTs  with  uniform 
diameter  grown  over  bimetallic 
Fe— Cr-SBA-15. 

►  Charge-transfer  resistance  (Ra)  of 
CNTs  was  lower  than  that  of  Pt. 

►  CNTs  counter  electrode  based  DSSCs 
showed  higher  solar  to  electric 
efficiency. 

►  CNTs  are  suitable  alternative 
cathode  material  to  replace  Pt  in 
DSSCs. 
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High-surface  area  and  well-ordered  mesoporous  Fe  incorporated  SBA-15  (Fe-SBA-15),  Fe-Cr 
incorporated  SBA-15  (Fe-Cr-SBA-15)  and  Cr  incorporated  SBA-15  (Cr-SBA-15)  catalysts  are  synthesized 
following  a  controlled  post  synthesis  grafting  process.  The  activities  of  all  the  catalysts  are  tested 
systematically  and  quantitatively  towards  the  production  of  carbon  nanotubes  (CNTs)  by  chemical 
vapour  deposition.  In  order  to  obtain  CNTs  with  high  quality  and  quantity,  the  parameters  like 
temperature,  reaction  time  and  gas  flow  rate  are  optimized.  Under  optimum  conditions,  the  Fe-Cr-SBA- 
15  catalyst  is  produced  with  high  yield  and  uniform  diameter  of  CNTs.  The  transmission  electron 
microscopy  result  reveals  high  purity  and  well-graphitized  structure  of  CNTs.  The  synthesized  CNTs  are 
used  as  counter  electrode  material  for  dye-sensitized  solar  cells  (DSSCs).  The  CNTs  based  counter 
electrode  shows  good  chemical  stability,  lower  charge-transfer  resistance  and  higher  electrocatalytic 
activity  towards  If/r  redox  reaction  than  that  of  platinum  (Pt)  counter  electrode.  The  energy  conversion 
efficiency  of  the  CNTs  counter  electrode  based  DSSCs  reaches  8.86%  under  irradiation  with  a  simulated 
solar  light  intensity  of  100  mW  cnr2.  The  results  prove  that  CNTs  are  one  of  the  suitable  candidates  for  Pt 
free  counter  electrode  for  DSSCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  the  low  fabrication  cost  and  relatively  high  efficiency  of 
dye-sensitized  solar  cells  (DSSCs)  they  are  being  considered  as  an 
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alternative  to  traditional  silicon-based  solar  cells  [1,2],  The  counter 
electrode  in  DSSCs  is  one  of  the  essential  components,  as  it  plays 
a  crucial  role  in  collecting  electrons  from  the  external  circuit  and 
reducing  Ij  to  I-  in  the  electrolyte  [3,4],  At  present,  platinum  (Pt) 
thin  film  is  mainly  used  as  the  counter  electrode  in  DSSCs  due  to  its 
high  electrical  conductivity  and  good  electrochemical  catalytic 
activity  for  I3  reduction  [5],  The  high  cost,  poor  stability  in  corrosive 
electrolytes,  and  high  processing  temperatures  has  led  to  the 
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innovation  of  novel  alternatives  either  in  the  existing  or  as  a  whole 
in  the  counter  electrode  materials  [6],  Recently,  carbon  nanotubes 
(CNTs),  an  important  member  in  carbon  family,  have  been  found  to 
be  an  alternative  source  for  counter  electrodes  in  DSSCs  instead  of 
Pt  due  to  their  satisfying  features  such  as  low  cost,  large  surface 
area,  superior  chemical  stability,  and  good  catalytic  activity  [7], 

At  present,  several  methods  have  been  reported  for  the  fabri¬ 
cation  of  CNTs  counter  electrodes,  such  as  drop-coating  [8], 
chemical  vapour  deposition  [9],  screen-printing  [10]  and  spray 
coating  [11],  Considering  the  cost  and  versatile  processing  tech¬ 
niques,  spin-coating  seems  to  be  the  most  reliable  method  in  the 
aspect  of  potential  technological  applications.  This  method  has 
been  used  to  deposit  the  thin  layer  on  the  surface  of  conductive 
glass  substrate.  The  thin  layer  obtained  by  spin-coating  from 
suspension  exhibits  distinct  advantages,  such  as  high  dispersion 
rate,  excellent  uniformity  and  controlled  thickness.  CNTs  counter 
electrodes  prepared  by  this  method  is  necessary  because  of  their 
appreciable  performance  in  practical  applications.  The  successful 
synthesis  of  high  purity  CNTs  with  uniform  diameter  is  the  critical 
step  towards  their  applications.  Despite  enormous  work  on  the 
synthesis  of  CNTs,  high  purity  with  uniform  diameter  CNTs  that 
congregate  the  quality  and  quantity  requirements  for  their  high 
performance  applications  are  still  lacking.  This  has  become  the 
major  obstacle  currently  to  some  of  their  high  performance  appli¬ 
cations.  CNTs  with  uniform  diameter  have  now  widely  attracted  the 
interest  in  electronic  memory  device,  biosensors,  solar  cells  and 
drug  delivery  applications.  CNTs  synthesized  with  large  amounts  of 
nanotubes  with  uniform  size  and  structure  thus  require  separation 
of  the  desired  tubes  from  a  complex  mixture  and  subsequent 
alignment. 

The  discovery  of  mesoporous  silica  molecular  sieves  opened  up 
new  possibilities  in  many  areas  of  chemistry  and  material  science 
[12],  These  materials  possess  high  specific  surface  areas,  high  pore 
volume  and  well-ordered  pore  structures  with  uniform  mesopores, 
adjustable  from  about  2  to  10  nm.  Mesoporous  materials  have 
a  clear  advantage  over  microporous  zeolites  and  zeotype  molecular 
sieves  for  the  growth  of  CNTs  at  high  temperatures.  The  M41S 
mesoporous  materials  offer  an  opportunity  for  them  to  be  used  as 
versatile  catalysts  or  catalyst  supports  for  the  conversion  of  large 
molecules,  but  their  weak  hydrothermal  stability  greatly  limits 
their  extensive  use.  Many  efforts  have  been  made  to  improve  the 
stability  of  mobil  composition  of  matter  no.  41  (MCM-41 ).  During 
the  last  decade,  santa  barbara  amorphous  no.  15  (SBA-15)  has  been 
extensively  studied  [12]  and  is  being  evaluated  for  numerous 
applications  in  the  fields  of  catalysis,  separations,  ion  exchange  and 
nanotechnology.  The  desirable  features  of  SBA-15,  including 
tailored  pore  size,  high  degree  of  structural  ordering,  ease  of 
fabrication,  large  pore  size,  thick  pore  walls  and  high  hydrothermal 
stability  in  comparison  with  MCM-41  creates  remarkable  interest 
in  research  [12,13],  The  polymer  employed  to  obtain  SBA-15, 
polyethylene  oxide)-poly(propylene  oxide)-poly(ethylene 
oxide),  is  biodegradable  and  cheaper  than  the  surfactants  used 
initially  in  the  synthesis  of  MCM-41  is  desirable.  The  additional 
feature  of  SBA-15  is  the  existence  of  micropores  interconnecting 
hexagonally  ordered  mesopores,  which  makes  it  more  suitable  for 
catalysis.  The  interconnections  facilitate  diffusion  inside  the  entire 
porous  structure.  A  simple  way  to  functionalize  the  silica  SBA-15  is 
to  introduce  active  metal  ions  in  silica  matrix  either  during  the 
synthesis  or  by  post  synthesis  modification  of  SBA-15.  ft  is  very 
difficult  to  incorporate  metal  ions  into  SBA-15  directly  under  the 
strong  acidic  conditions  because  the  metal  ions  exist  as  cations  and 
the  formation  of  corresponding  M-O-Si  bonds  and  effective 
inclusion  in  the  structure  becomes  difficult.  Several  studies  have 
been  dedicated  to  the  investigation  of  transition  metal  loaded 
SBA-15  because  of  their  wide  range  of  applications  in  catalysis. 


Specifically  Co,  Ni,  and  Fe  loaded  SBA-15  materials  are  of  interest 
due  to  their  activity  and  selectivity  for  the  growth  of  CNTs. 

Hydrocarbons  such  as  methane,  ethylene  and  acetylene  have 
been  widely  used  for  the  formation  of  CNTs.  Moreover,  acetylene  is 
more  preferred  for  the  growth  of  well-graphitized  and  high  quality 
CNTs  rather  than  any  other  gaseous  hydrocarbons.  Compared  to  Co 
and  Ni  used  for  CNTs  synthesis,  Fe  was  reported  [14,15]  for  its 
highest  activity  in  the  decomposition  of  acetylene.  In  general, 
hydrocarbon  gases  are  more  common  but  the  use  of  acetylene  is 
preferred  for  scale  up  production  of  CNTs.  Acetylene  is  considered 
as  a  favourable  carbon  source  for  CNTs  production  because  of  its 
atom  efficiency  and  higher  activity  in  comparison  to  other  hydro¬ 
carbons  such  as  benzene  [16],  Duxiao  and  co-workers  [17] 
demonstrated  the  use  of  Fe-impregnated  mesoporous  molecular 
sieve  as  a  catalytic  template  to  produce  CNTs  via  this  method. 

In  the  present  study,  high-surface  area  and  well-ordered  mes¬ 
oporous  Fe-Cr-SBA-15  catalyst  is  prepared  by  post  synthesis 
grafting  process  through  atomic  layer  deposition  method.  Similarly, 
Fe-SBA-15  and  Cr-SBA-15  catalysts  are  also  prepared  for  compar¬ 
ison.  These  catalysts  are  characterized  by  X-ray  diffraction  pattern 
(XRD),  N2  sorption  isotherm  and  transmission  electron  microscopy 
(TEM)  technique  and  used  for  CNTs  synthesis.  Attempts  are  made  to 
develop  the  DSSCs  using  Pt  free  counter  electrode  namely  well- 
graphitized  CNTs  by  spin-coating.  In  parallel,  Pt  counter  electrode 
also  fabricated  for  comparison.  The  DSSCs  of  this  CNTs  counter 
electrode  exhibits  comparable  performance  with  those  of  Pt.  CNTs 
counter  electrode  possess  lower  charge-transfer  resistance  and 
higher  electrocatalytic  activity  for  the  Ij/T  redox  reaction 
compared  to  Pt  counter  electrode.  The  result  demonstrates  that  the 
CNTs  are  suitable  materials  for  replacing  Pt  from  counter  electrode 
and  will  be  advantageous  for  large  scale  production  of  DSSCs. 

2.  Experimental 

2.1.  Materials 

Iron  (III)  acetylacetonate  (Fe(  05^02)2).  chromium  (III)  acetyla- 
cetonate  (Cr(CsH702)2)  and  tetraethylorthosilicate  (TEOS)  were 
purchased  from  Aldrich  and  used  as  the  precursors  for  iron, 
chromium  and  silicon,  respectively.  Triblock  copolymer  poly(- 
ethylene  glycol)-block-poly(propylene  glycol)-block-poly( ethylene 
glycol)  (Pluronic  P123;  Mav  =  5800,  Aldrich)  used  as  a  structure¬ 
directing  agent  under  acidic  conditions.  Anhydrous  toluene 
(C6H5CH3),  ethanol,  HC1,  acetonitrile  (AN)  and  acetic  acid  were 
purchased  from  Merck.  Chloroplatinic  acid  (H2PtCl6),  iodine, 
lithium  iodide,  4-tert-butyl-pyridine  (TBP),  ethyl  cellulose, 
terpineol  and  N719  dye  [cis-di(thiocyanato)-N,N-bis(2,2'-bipyridyl- 
4-carboxylic  acid-4-tetrabutylammonium  carboxylate)  ruthenium 
(II)]  were  purchased  from  the  Aldrich.  All  the  reagents  were  used 
without  further  purification.  Fluorine-doped  tin  oxide  (FTO)  con¬ 
ducting  glass  plates  (sheet  resistance  15  Q  sq  ')  were  purchased 
from  Xinyan  Technology  Ltd,  HK.  The  FTO  glass  substrate  was 
ultrasonicated  thoroughly  in  acetone,  ethanol  and  double  distilled 
water  for  15  min  in  each  step  to  remove  organic  and  other 
contamination. 

2.2.  Synthesis  of  the  catalyst 

Siliceous  SBA-15  mesoporous  material  was  synthesized 
according  to  the  reported  procedure  [12],  4  g  of  P123  was  dissolved 
in  the  mixture  of  30  mL  of  double  distilled  water  and  120  mL  of  2  N 
HC1  was  added  under  stirring.  8.5  g  of  TEOS  was  added  dropwise  to 
the  solution  at  40  °C.  The  mixture  was  stirred  continuously  for  24  h 
and  transferred  to  Teflon  lined  stainless  steel  autoclave  and  placed 
in  an  oven  at  100  °C  for  48  h.  After  cooling  to  room  temperature  the 
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resulting  solid  was  recovered  by  filtration,  washed  with  distilled 
water  and  dried  under  ambient  condition  for  12  h.  The  synthesized 
powder  was  heated  at  a  constant  ramping  rate  from  room 
temperature  to  540  °C  over  5  h  under  nitrogen  (N2)  atmosphere 
and  kept  for  1  h  in  the  same  conditions  followed  by  calcination  at 
540  °C  for  6  h  under  air  to  remove  the  residual  organic  template 
materials. 

The  Fe,  Fe-Cr  and  Cr  with  6  wt.%  grafted  SBA-15  catalysts  were 
synthesized  following  the  controlled  grafting  process  through  ALD. 
Synthesis  of  6  wt.%  Fe-SBA-15  catalyst  was  performed  as  follows. 
The  calcined  siliceous  SBA-15  sample  was  suspended  in  anhydrous 
toluene  and  refluxed  under  N2  atmosphere  for  5  h  to  remove  the 
adsorbed  moisture.  Subsequently,  an  appropriate  amount  of  Iron 
(III)  acetylacetonate  dissolved  in  toluene  was  added  dropwise  to 
the  above  suspension.  The  grafting  process  was  performed  under 
N2  atmosphere  by  refluxing  at  110  °C  for  8  h,  involving  the  reaction 
of  Iron  (III)  acetylacetonate  with  surface  silanol  groups  of  the 
calcined  siliceous  SBA-15.  The  resulting  mixture  was  cooled, 
filtered  and  washed  with  toluene  and  then  dried  at  room  temper¬ 
ature  for  12  h.  The  grafted  sample  was  calcined  following  the  same 
procedure  as  mentioned  for  the  preparation  of  pure  siliceous  SBA- 
15  to  obtain  the  final  sample  denoted  as  wt.%  Fe-SBA-15,  where 
wt.%  represents  the  final  Fe  content  in  the  sample  tested  by 
inductive  coupled  plasma-atomic  emission  spectroscopy  (ICP-AES) 
analysis.  In  a  similar  way,  6  wt.%  Fe— Cr-SBA-15  (1:1)  molar  ratio 
and  6  wt.%  Cr-SBA-15  catalysts  were  synthesized. 

2.3.  Synthesis  and  purification  of  CNTs 

CNTs  growth  was  carried  out  in  a  temperature  controlled  hori¬ 
zontal  tubular  furnace  at  atmospheric  pressure.  For  each  growth, 
100  mg  of  the  catalyst  powder  was  spread  on  quartz  boat  and 
placed  in  the  centre  of  a  quartz  tube.  The  catalyst  was  activated  by 
passing  argon  (Ar)  gas.  Prior  to  reaction,  the  catalyst  was  reduced 
under  hydrogen  at  700  °C  for  30  min  at  atmospheric  pressure  to 
generate  Fe,  Cr  and  Fe-Cr  nanoparticles  with  the  silica  supports 
and  then  purged  with  Ar  for  another  30  min  to  remove  traces  of 
hydrogen.  Immediately,  the  temperature  was  raised  to  700,  800 
and  900  °C,  respectively  in  the  presence  of  Ar  gas.  The  CNTs  were 
grown  at  fixed  temperature  and  flow  of  argon  and  varying  acety¬ 
lene  flow  rate.  The  flow  rates  of  the  gases  were  controlled  using 
Alicate  mass  flow  controllers.  The  furnace  was  cooled  to  room 
temperature  by  maintaining  Ar  flow  after  the  growth.  The 
following  Eq.  (1)  was  used  for  the  determination  of  percentage  of 
carbon  deposited  from  the  catalytic  decomposition  of  acetylene. 

Carbon  deposits  yield(%)  =  (mtot  -  mcat)/mcat  x  100  (1) 

where  mcat  and  mtot  are  the  mass  of  the  catalyst  before  and  after  the 
reaction,  respectively. 

The  synthesized  CNTs  were  purified  to  remove  impurities  such 
as  silica  matrix,  metal  particles,  amorphous  carbon  and  some 
carbonaceous  materials  by  an  efficient  treatment.  The  catalyst  was 
purified  by  acid  treatment.  The  synthesized  CNTs  were  placed  in 
50  mL  of  5%  HF  under  sonication  for  30  min  at  ambient  tempera¬ 
ture;  the  solid  was  filtered  to  remove  silica  matrix  and  metal 
particles.  The  solid  was  refluxed  at  120  °C  in  a  4  N  nitric  acid  (FINO3) 
solution  for  12  h,  cooled,  filtered  and  washed  with  distilled  water 
until  the  colour  of  the  filtrate  became  colourless  to  remove  amor¬ 
phous  carbon  and  residual  metal  particles.  The  solid  was  heated  at 
400  °C  in  atmospheric  air  for  30  min  and  again  treated  with  5%  HF, 
to  remove  the  rest  of  the  impurities.  The  purified  CNTs  were 
characterized  by  TEM,  Raman  spectroscopy,  XRD  and  thermogra- 
vimetric  analysis  (TGA)  techniques. 


2.4.  Preparation  of  TiC>2  thin-film  photoanode  for  DSSCs 

Ti02  thin-film  photoanode  was  fabricated  by  spin-coating 
technique  for  DSSCs.  The  procedure  was  as  follows:  0.5  mL  of 
acetic  acid  and  3  g  Ti02  (P25,  Degussa)  powder  was  mixed  in  an 
agate  mortar.  2.5  mL  double  distilled  water  and  15  mL  ethanol  were 
added  dropwise  into  the  agate  mortar.  The  mixture  was  transferred 
to  a  beaker  containing  25  mL  of  ethanol  and  stirred  for  1  h  followed 
by  ultrasonication  about  30  min.  Terpineol  and  ethyl  cellulose  in 
ethanol  were  added  to  it.  Subsequently  the  above  mixture  was  kept 
for  24  h  in  an  ultrasonic  water  bath  at  28  °C  to  obtain  well- 
dispersed  Ti02  paste.  The  paste  was  spin  coated  on  cleaned  FTO 
conducting  substrate  (0.25  cm  x  0.25  cm)  at  1000  rpm  for  20  s  and 
dried  at  60  °C  for  10  min  in  oven.  Ti02  was  spin  coated  again  at 
1000  rpm  for  5  s  and  dried  at  60  °C  for  10  min.  The  Ti02  spin-coated 
FTO  was  sintered  at  500  °C  for  30  min.  The  Ti02  thin-film  is 
immersed  in  50  mL  of  0.5  mM  ethanolic  N719  dye  solution  for  24  h 
in  dark  at  room  temperature.  The  film  was  cleaned  with  ethanol 
and  dried  in  oven  to  use  as  a  photoanode  (working  electrode)  in 
DSSCs. 

2.5.  Preparation  of  counter  electrodes  for  DSSCs 

Pt  counter  electrode  was  fabricated  on  FTO  by  spin-coating 
technique.  H2PtCl6  was  dispersed  in  terpineol  solution  containing 
5  wt.%  ethyl  cellulose.  The  paste  was  spin  coated  on  cleaned  FTO 
conducting  substrate  at  1000  rpm  for  20  s  and  dried  at  60  °C  for 
10  min  in  oven.  The  spin  coated  thin-film  was  heated  at  385  °C  for 
20  min.  CNTs  counter  electrode  was  fabricated  on  FTO  by  similar 
procedure.  CNTs  were  ground  in  terpineol  solution  containing  of 
5  wt.%  ethyl  cellulose.  The  paste  was  spin  coated  on  cleaned  FTO 
conducting  substrate  at  1000  rpm  for  20  s  and  dried  at  60  °C  for 
10  min  in  oven.  The  CNTs  coated  film  was  heated  at  300  °C  for 
15  min  to  maintain  good  adhesion  between  the  CNTs  layer  and  the 
FTO  substrate.  The  optimum  temperature  was  300  °C  for  the 
fabrication  of  CNTs  layer  on  FTO.  If  the  temperature  exceeds  higher 
than  350  °C,  the  terpineol  and  ethyl  cellulose  was  completely 
peeled  off  as  reported  in  Ref.[18],  It  was  realized  that  the  optimized 
annealing  temperature  was  300  °C  to  increase  the  adhesion 
between  the  CNTs  and  FTO  glass  plate. 

2.6.  Characterization  and  measurement 

The  amount  of  the  metal  incorporated  SBA-15  was  analyzed  by 
ICP-AES  (Perkin  Elmer  OPTIMA  3000).  The  XRD  patterns  of  all  the 
samples  were  recorded  with  a  PANalytical  X’Pert  diffractometer, 
using  nickel-filtered  CuKa  radiation  (A  =  1.54  A)  and  a  liquid 
nitrogen-cooled  germanium  solid-state  detector.  The  diffracto- 
grams  were  recorded  in  the  26  range  of  0.5—10°  for  the  catalyst  and 
10—80°  for  the  CNTs.  The  peaks  were  identified  with  reference  to 
compilation  of  simulated  XRD  powder  patterns.  The  surface  area, 
pore  volume  and  pore  size  distribution  were  measured  by  N2 
sorption  at  -197  °C  using  an  ASAP-2010  porosimeter  from  Micro- 
meritics  Corporation.  The  samples  were  degassed  at  200  °C  and 
1.3  x  10-3  Pa  8—10  h  prior  to  the  adsorption  experiments.  The 
mesopore  volume  was  estimated  from  the  amount  of  N2  adsorbed 
at  a  relative  pressure  by  assuming  that  all  the  mesopores  were  filled 
with  condensed  nitrogen  in  the  normal  liquid  state.  Pore  size 
distribution  was  estimated  using  the  Barret— Joyner— Halenda  (BJH) 
algorithm  (ASAP-2010)  available  as  built-in  software  from  Micro- 
meritics.  TGA  measurements  were  carried  out  under  atmospheric 
air  using  a  high-resolution  TA  Instrument,  SDT  Q600.  The  samples 
for  TEM  analysis  were  initially  dispersed  in  ethanol  or  acetone  by 
ultrasonicating  for  30  min  which  was  allowed  to  settle.  A  drop  of 
the  supernatant  liquid  was  then  transferred  to  carbon  coated 
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copper  grid  and  mounted  onto  the  TEM  (JEOL  3010)  operated  at 
300  kV  and  the  micrographs  were  recorded.  The  Raman  scattering 
was  excited  in  infrared  at  1064  nm  with  Nd:YAG  laser,  equipped 
with  liquid  nitrogen  cooled  charge-coupled  array  detector  at 
200  mV.  Raman  spectra  were  recorded  with  a  Micro-Raman  system 
RM  1000  Renishaw  using  a  laser  excitation  wavelength  at  532  nm 
(Nd-YAG),  0.5—1  mW,  with  1  pm  focus  spot  in  order  to  avoid 
photodecomposition  of  the  samples. 

The  electrochemical  experiments  were  carried  out  using  an 
electrochemical  workstation  (Autolab  PGSTAT  302N).  Cyclic  vol- 
tammograms  (CV)  were  recorded  in  a  three  electrode  cell  Pt/CNTs 
coated  FTO  as  working  electrode,  the  standard  calomel  electrode  as 
reference  electrode  and  Pt  as  counter  electrode,  respectively.  The 
electrolyte  was  composed  of  10  mM  Lil,  1  mM  I2,  and  0.1  M  LiCICU  in 
acetonitrile  solution  [19],  For  electrochemical  impedance  spec¬ 
troscopy  (EIS)  measurement,  a  thin  layer  symmetric  cell  was 
fabricated  by  clamping  two  identical  CNTs/Pt  coated  FTO  electrodes 
on  each  other  with  Surlyn  thermosetting  spacer.  The  electrolyte 
composition  of  0.1  mM  Lil,  0.05  M  I2  and  0.5  M  4-tertiary  butyl 
pyridine  in  acetonitrile  was  filled  between  the  two  electrodes 
before  clamping.  The  measurement  was  carried  out  by  AC  imped¬ 
ance  analyzer  from  0.1  Hz  to  100  kHz  with  perturbation  amplitude 
of  10  mV.  DSSC  was  fabricated  by  clamping  a  dye-sensitized  TiC>2 
electrode  and  CNTs/Pt  counter  electrode.  Surlyn  thermosetting 
spacer  was  kept  between  photoanode  and  counter  electrode.  Before 
clamping,  the  active  area  (0.25  cm2)  was  filled  with  similar  elec¬ 
trolyte  used  in  EIS  measurement.  The  photovoltaic  performance 
parameters  of  DSSCs  were  measured  under  light  intensity  of 
100  mW  cm”2. 

3.  Results  and  discussion 

3.1.  Characterization  of  synthesized  catalysts 

3.1.1.  X-ray  diffraction  pattern 

The  percentages  of  metal  present  in  Fe-SBA-15,  Fe-Cr-SBA-15 
and  Cr-SBA-15  catalysts  were  estimated  from  the  ICP-AES 
measurement  and  the  results  are  shown  in  Table  1.  The  low  angle 
XRD  patterns  of  the  catalyst  were  shown  in  Fig.  1.  The  pure  siliceous 
SBA-15  exhibits  three  well-resolved  reflections  at  26  of  0.5-10°, 
including  one  strong  (10  0)  peak  and  two  weak  peaks  (110)  and 
(2  0  0).  Post-synthesize  grafting  of  Fe,  Fe— Cr  and  Cr  species  into 
pure  siliceous  SBA-15  decreases  the  intensity  of  the  diffraction 
peaks  to  some  extent.  The  decrease  in  intensity  becomes  noticeable 
when  the  Fe,  Fe-Cr  and  Cr  content  is  more  than  10  wt.%,  although 
the  hexagonal  reliability  of  SBA-15  support  is  still  accomplished. 
The  decrease  in  peak  intensity  suggests  the  irregular  organization 
at  long  range  order  of  the  mesoporous  structure,  arising  from  either 
the  incorporation  of  Fe,  Cr  and  Fe-Cr  species  into  the  channels. 
These  results  suggest  that  the  procedures  for  grafting  Fe,  Cr  and  Fe- 
Cr  into  SBA-15  preserve  the  long  range  order  of  the  mesoporous 
structure  probably  due  to  the  anhydrous  condition  and  hydro- 
phobicity  of  SBA-15  pore  wall  surface  [20], 


siliceous  SBA-15,  (b)  Fe-SBA-15,  (c)  Cr-SBA-15  and  (d)  Fe-Cr-SBA-15. 

Fig.  2  shows  the  high  angle  XRD  patterns  of  the  catalysts.  It  is 
observed  that  Fe,  Cr  and  Fe-Cr  crystalline  phase  is  absent  when  the 
Fe,  Fe-Cr  and  Cr  content  are  10  wt.%  or  less.  In  this  method,  Fe,  Fe- 
Cr  and  Cr  grafting  occurs  through  silanol  groups.  Therefore,  it  is 
reasonable  to  suggest  that  Fe,  Fe— Cr  and  Cr  species  are  incorpo¬ 
rated  into  the  SBA-15  channels  due  to  the  preferential  reaction 
between  Fe,  Fe-Cr  and  Cr  precursors  and  silanol  groups  on  the  pore 
wall  surfaces. 

3.1.2.  N2  sorption  isotherms 

N2  sorption  isotherm  is  the  primary  technique  used  to  measure 
the  average  physical  properties  of  mesoporous  molecular  sieves.  N2 
sorption  isotherm  of  pure  siliceous  SBA-15,  Fe-SBA-15,  Fe-Cr-SBA- 
15  and  Cr-SBA-15  are  shown  in  Fig.  3.  The  isotherm  of  pure  siliceous 
SBA-15  presented  a  sharp  inflection  at  relative  pressure  in  the  range 
of  0.6-0.8,  an  indication  of  the  good  quality  SBA-15  materials  with 
a  uniform  mesoporous  structure.  Upon  grafting  Fe,  Fe-Cr  and  Cr, 
the  shape  of  the  isotherms  of  Fe-SBA-15,  Fe-Cr-SBA-15  and  Cr-SBA- 
15  was  almost  identical  to  the  unique  pure  siliceous  SBA-15,  having 
the  sharp  capillary  condensation  step  in  the  range  of  0.6-0.8.  The 
similar  isotherm  shapes  of  Fe-SBA-15,  Fe-Cr-SBA-15  and  Cr-SBA-15 
and  the  original  pure  siliceous  SBA-15  suggests  the  uniform  mes¬ 
oporous  structure.  The  capillary  condensation  step  of  the  isotherm 
occurred  at  lower  relative  pressure  for  Fe-SBA-15,  Fe-Cr-SBA-15 
and  Cr-SBA-15  as  compared  to  the  calcined  pure  siliceous  SBA-15, 
indicating  decrease  of  mean  pore  diameter  after  Fe,  Fe-Cr  and  Cr 
loading.  The  decrease  of  pore  diameter  after  Fe,  Fe-Cr  and  Cr 
loading  is  mostly  result  from  the  reconstruction  due  to  dehydrox- 
ylation  rather  than  the  additional  layer  of  Fe,  Fe— Cr  and  Cr  formed 
inside  of  the  silica  wall.  The  physical  properties  of  pure  siliceous 
SBA-15  and  Fe-SBA-15,  Fe-Cr-SBA-15  and  Cr-SBA-15  obtained  from 
N2  sorption  isotherm  are  given  in  Table  1.  The  BET  surface  area  and 


Structural  and  textural  properties  of  mesoporous  pure  siliceous  SBA-15,  Fe-SBA-15,  Fe-Cr-SBA-15  and  Cr-SBA-15. 


Catalyst 

Unit  cell  parameter  a„  (nmf 

Surface  area 

(m2g  1)fc 

1  Pore  si; 

ze  (nmf  Pore  volume  (cc  g  ')l 

’  Metal  contend  (wt.%)  Metal  content11  (wt.%) 

Pure  Si-SBA-15 

12.7 

801 

5.23 

0.79 

- 

Fe-SBA-15 

12.1 

765 

4.69 

0.66 

6  5.8 

Fe-Cr-SBA-15 

11.8 

732 

4.12 

0.64 

3:3  5.6 

Cr-SBA-15 

11.9 

748 

4.52 

0.63 

6  5.7 

a  The  values  obtained  from  XRD  analysis. 
b  The  values  obtained  from  N2  sorption  studies. 

c  Metal  content  used  in  the  siliceous  SBA-15  (Metal  =  Fe,  Fe-Cr  and  Cr). 
d  Metal  content  measured  by  ICP-AES  analysis. 
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siliceous  SBA-15,  (b)  Fe-SBA-15,  (c)  Cr-SBA-15  and  (d)  Fe-Cr-SBA-15. 


pore  volume  for  the  pure  siliceous  SBA-15  are  typical  for  siliceous 
SBA-15  synthesized  under  similar  conditions.  Both  the  BET  surface 
area  and  the  total  pore  volume  dropped  after  Fe,  Fe-Cr  and  Cr 
loading.  Fe,  Fe-Cr  and  Cr  particles  may  cause  a  partial  collapse  of 
the  mesoporous  structure  during  grafting  and  recalcination  or  from 
the  condensation  of  silanol  groups  on  the  surface. 

The  pore  size  distribution  desorption  isotherm  branches  are 
shown  in  Fig.  4.  The  siliceous  SBA-15,  Fe-SBA-15,  Fe-Cr-SBA-15  and 
Cr-SBA-15  displayed  very  sharp  pore  size  distribution.  The  pore  size 
distribution  of  Fe-SBA-15,  Fe-Cr-SBA-15  and  Cr-SBA-15,  resembled 
the  mono-model  shape  in  which  a  smaller  mesopore  distribution 
was  produced.  The  mono-model  pore  distribution  of  Fe-SBA-15, 
Fe-Cr-SBA-15  and  Cr-SBA-15  are  believed  to  be  caused  by 
heterogeneity. 

3.1.3.  TEM  studies 

The  TEM  images  of  Fe-SBA-15,  Fe-Cr-SBA-15  and  Cr-SBA-15 
samples  are  shown  in  Fig.  5.  All  the  TEM  images  clearly  reveal  the 
highly  ordered  hexagonal  arrays  of  one-dimensional  mesopores, 
typically  representing  the  SBA-15  materials,  which  is  additional 


SBA-15,  (b)  Fe-SBA-15,  (c)  Cr-SBA-15  and  (d)  Fe-Cr-SBA-15. 


Pore  diameter  (nm) 


Fig.  4.  Pore  size  distribution  of  mesoporous  molecular  sieves:  (a)  pure  siliceous  SBA- 
15,  (b)  Fe-SBA-15,  (c)  Cr-SBA-15  and  (d)  Fe-Cr-SBA-15. 


evidence  that  the  ordered  SBA-15  framework  is  retained  after 
grafting  and  recalcination  process.  Also,  the  TEM  images  do  not 
show  the  existence  of  Fe,  Fe— Cr  and  Cr  oxide  crystals,  even  on 
a  nanometre  scale  which  indicates  that  there  is  no  bulk  Fe,  Fe-Cr 
and  Cr  oxide  formed  on  the  SBA-15  surface  after  recalcination.  All 
the  Fe,  Fe-Cr  and  Cr  ions  are  believed  to  be  incorporated  evenly 
into  the  surface  of  SBA-15  after  the  grafting  and  recalcination 
treatment. 

3.2.  Growth  and  characterization  of  CNTs 

3.2.1.  Influence  of  the  catalysts 

The  growth  of  CNTs  carried  out  using  Fe-SBA-15,  Fe-Cr-SBA-15 
and  Cr-SBA-15  molecular  sieves  at  various  temperatures  such  as 
700,  800  and  900  °C  for  20  min  reaction  time  at  the  acetylene  flow 
rates  of  40  mL  min  1  were  illustrated  in  Fig.  6.  Among  the  three 
catalysts,  higher  carbon  deposition  yield  of 298%  was  observed  with 
Fe-Cr-SBA-15  and  yield  might  be  due  to  its  ability  to  decompose 
hydrocarbon  like  acetylene.  Once  the  reduced  atoms  reach  the  pore 
wall  surface  they  start  to  nucleate  into  clusters  of  increasing  size 
before  they  initiating  the  growth  of  CNTs.  During  the  course  of  the 
reaction  period  very  small  metal  clusters  which  are  not  active  for 
CNT  growth  would  likely  to  be  present  in  the  pores.  The  growth  of 
Fe-Cr  clusters  likely  ceases  once  their  surface  is  covered  with 
carbon.  Therefore,  the  optimum  size  and  the  size  distribution  of  the 
metal  clusters  are  controlled  by  the  relative  rates  of  several  physical 
and  chemical  processes  which  in  turn  affect  the  structure  and  state 
of  the  catalysts  during  the  CNTs  growth  mechanism.  It  is  likely 
a  minimum  size  is  required  for  the  metallic  Fe-Cr  cluster  to  initiate 
the  growth  of  CNTs.  Fe-Cr-SBA-15  is  chosen  to  carry  out  further 
studies  since  it  produced  the  maximum  carbon  deposits  while 
compared  to  Fe-SBA-15  and  Cr-SBA-15. 

3.2.2.  Influence  of  the  temperature 

Fig.  6  shows  that  the  CNTs  growth  rate  over  Fe-Cr-SBA-15  at 
different  temperature  such  as  700,  800  and  900  °C.  The  carbon 
deposits  yield  increases  dramatically  in  the  beginning  with  the 
temperature  up  to  800  °C  and  then  decreases  with  further  increase 
to  900  °C.  This  decrease  might  be  associated  with  high  vaporization 
of  carbon  formed  from  the  decomposition  of  acetylene  as  well  as 
agglomeration  of  catalysts  particles  at  900  °C.  As  the  temperature 
increases,  the  average  diameter  of  CNTs  also  increases.  At  lower 
growth  temperature  of  700  °C,  the  CNTs  formed  are  less  dense  due 
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Fig.  5.  TEM  images  of:  (a)  Fe-SBA-15,  (b)  Cr-SBA-15  and  (c)  Fe-Cr-SBA-15. 


to  slow  rate  of  carbon  diffusion  in  metal  as  well  as  slow  carbon 
deposition  rate  [21  ].  Another  reason  for  dense  CNTs  may  be  due  to 
the  non-availability  of  Fe— Cr  particles  which  might  not  be  reduced 
at  such  a  low  temperature.  Moreover,  the  CNTs  grown  at  800  °C 
exhibits  uniform  diameter  and  higher  density  than  that  of  700  and 
900  °C.  It  is  realized  that  the  decomposition  rate  of  acetylene  and 
deposition  rate  of  carbon  atoms  on  the  metal  particles  reach 
a  balance  at  800  °C.  It  is  clear  that  the  metal  particles  are  possibly 


Fe-SBA-15  Fe-Cr-SBA-15  Cr-SBA-15 

Fig.  6.  Effect  of  reaction  temperature  on  the  amount  of  carbon  deposit  yield  over  Fe- 
SBA-15,  Fe-Cr-SBA-15  and  Cr-SBA-15  catalyst  (catalyst:  100  mg,  acetylene: 
40  mL  min-1,  argon:  110  mL  min-1,  hydrogen:  110  mL  min-1  and  reaction  time: 


incorporated  homogeneously  into  the  support  and  leads  to 
production  of  CNTs  in  large  quantities.  Meanwhile,  at  900  °C  more 
amorphous  carbon  and  carbonaceous  impurities  are  observed.  It  is 
reasonable  because  larger  metal  particles  are  inactive  towards  the 
growth  of  CNTs  and  only  favours  the  formation  of  amorphous 
carbon. 

3.2.3.  Influence  of  carbon  flow  rate 

It  is  well  known  that  flow  rate  of  acetylene  plays  a  vital  role  in 
determining  the  carbon  deposition  yield  and  other  carbon  impuri¬ 
ties  formation.  Hence,  the  reaction  temperature  and  time  main¬ 
tained  at  the  optimized  condition  of  800  °C  for  20  min  while  flow 
rate  of  acetylene  was  varied  from  10  to  60  mL  min-1.  The  optimized 
flow  rate  is  found  to  be  40  mL  min-1  where  the  carbon  yield  attains 
298%  of  CNTs  with  less  amounts  of  impurities  like  amorphous 
carbon.  We  have  expected  that  the  amorphous  carbon  would  not  be 
found  when  a  low  flow  rate  of  acetylene  (i.e.  10—40  mL  min-1)  is 
employed.  But  we  found  some  amount  of  amorphous  carbon  even  at 
this  low  flow  rate  of  acetylene  because  some  metal  particles  are  not 
bound  to  SBA-15  which  are  responsible  for  the  addition  of  amor¬ 
phous  carbon.  The  amount  of  amorphous  carbon  is  found  to  be 
increased  when  the  carbon  source  supply  exceeds  50  mL  min-1.  This 
may  be  probably  due  to  the  reduction  of  metal  oxides  to  a  metallic 
form  leading  to  the  formation  of  larger  particles. 

3.2.4.  TEM  studies 

The  TEM  images  with  different  magnification  of  purified  CNTs 
growth  over  Fe-Cr-SBA-15  catalyst  at  800  °C  are  shown  in  Fig.  7. 
The  CNTs  have  uniform  diameter  and  exhibit  hollow  core  structure. 
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Fig.  7.  TEM  images  of  CNTs  grown  over  Fe-Cr-SBA-15  catalyst. 


It  can  be  observed  from  TEM  images  that  high  purity  CNTs  with 
a  diameter  of  about  8—10  nm  and  free  from  amorphous  carbon 
have  been  obtained  using  Fe-Cr-SBA-15  catalyst  at  optimized 
reaction  temperature  of  800  °C.  The  reduced  Fe— Cr  particles  are 
expected  to  stay  on  the  surface  of  the  silica  spheres  homoge¬ 
neously,  which  assured  continues  growth  of  CNTs  during  synthesis. 
The  density  of  the  CNTs  is  high  at  800  °C  due  to  the  uniform 
diffusion  of  carbon  atoms  on  the  catalyst  particles  which  are 


distributed  on  the  SBA-15  support  with  high  density.  In  addition, 
there  are  some  catalyst  particles  observed  inside  the  CNTs  or 
attached  at  the  ends  of  the  CNTs.  It  is  speculated  that  the  catalyst 
particles  might  be  detached  from  the  silica  sphere  during  the 
chemical  vapour  deposition.  Further  study  is  needed  to  confirm  the 
growth  mechanism.  The  result  suggests  that  it  is  possible  to 
produce  clean  and  well-graphitized  CNTs  with  uniform  diameter  by 
this  method. 
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band  and  the  ratio  of  /d//g  reaches  to  a  minimum  for  the  purified 
CNTs  due  to  the  high  purity  of  the  MWCNTs. 

3.2.6.  X-ray  diffraction  pattern  and  thermogravimetric  analysis 

The  high-angle  XRD  pattern  of  MWCNTs  is  shown  in  Fig.  9.  The 
spectrum  displays  a  strong  peak  at  20  —  25.79°  and  weak  peak  at 
26  =  44.21°,  which  are  assigned  to  (002)  and  (100)  diffraction 
patterns  of  typical  graphite  respectively. 

The  thermal  stability  of  purified  MWCNT  sample  is  analyzed  by 
TGA  in  static  air  shown  in  Fig.  10.  The  combustion  of  MWCNTs  takes 
place  between  500  and  620  °C  which  confirms  that  the  obtained 
MWCNTs  are  free  from  carbonaceous  impurities  after  acid  treatment 
and  air  oxidation.  The  result  shows  that  the  decomposition  temper¬ 
atures  of  MWCNTs  were  higher  than  that  of  amorphous  carbon  and 
single  walled  carbon  nano  tubes  (SWCNTs)  due  to  construction  of 
walls.  This  observation  can  be  ascertained  from  Fig.  10. 


Fig.  10.  TGA  of  purified  CNTs  grown  over  Fe-Cr-SBA-15  catalyst. 


3.2.5.  Raman  spectroscopy  study 

Raman  spectrum  of  the  purified  CNTs  is  shown  in  Fig.  8.  In 
general,  the  Raman  band  appearing  in  the  1500-1605  cm-1  region 
is  noted  as  G  band  (Graphite  band)  and  the  Raman  band  appearing 
in  the  1250—1450  cm”1  region  is  known  as  D  band  (Disorder  band). 
Only  two  Raman  bands  appearing  in  the  high  wave  number  region 
at  1293.6  cm”1  and  1559.7  cm”1  indicate  that  the  CNTs  synthesized 
in  this  study  are  most  likely  to  be  multi-walled  carbon  nanotubes 
(MWCNTs).  The  absence  of  radial  breathing  modes  in  the  lower 
wave  number  region  (below  400  cm”1)  also  confirms  the  formation 
of  MWCNTs.  In  addition,  the  intensity  of  G  band  is  higher  than  the  D 


3.2.7.  Electrochemical  measurement 

Cyclic  voltammogram  analyzes  the  relationship  between  ion 
diffusivity  and  reaction  kinetics  of  an  electrochemical  system 
applied  to  the  different  electrodes.  Two  pairs  of  redox  waves  are 
observed  in  Fig.  11a.  The  two  anodic  and  cathodic  peaks  represent 
the  following  Eq.  (2)  and  Eq.  (3). 

3r_<->IJ  +  2e”  (2) 

I3  +  2e”<->3r-  (3) 

The  relative  positive  pair  is  assigned  to  the  redox  reaction  of  I2/ 
Ij and  the  negative  one  is  associated  with  the  reaction  of  I3 /I”.  The 
redox  current  density  of  IJ /I2  at  CNTs  electrode  is  much  higher  than 


Fig.  11.  (a)  Cyclic  voltammograms  for  Pt  and  CNTs  electrodes  in  0.01  M  HI,  0.001  M  I2  and  0.1  M  LiC104  acetonitrile  solutions  at  scan  rate  of  50  mV  s  (b)  100  consecutive  cyclic 
voltammograms  of  CNTs  electrode  in  0.1  mM  Lil,  0.05  M I2  and  0.5  M  4-tertiary  butyl  pyridine  in  acetonitrile.  Scan  rate  50  mV  s_I,  (c)  cyclic  voltammograms  of  the  CNTs  electrode  in 
0.01  M  Lil,  0.001  M I2  and  0.1  M  LiC104  acetonitrile  solutions  with  different  scan  rates  from  inner  to  outer:  20, 40, 50, 60, 80  and  100  mV  s”1.  (d)  Relationship  between  the  redox  peak 
current  and  scan  rates. 
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Fig.  12.  Impedance  spectra  of  CNTs/Pt  symmetric  cell. 


those  in  Pt  electrode  indicating  that  the  former  electrode  has 
stronger  electrocatalytic  activity  towards  the  reduction  of  IJ. 
Fig.  lib  shows  100  consecutive  cyclic  voltammograms  in  0.1  mM 
Lil,  0.05  M  I2  and  0.5  M  4-tertiary  butyl  pyridine  in  acetonitrile.  The 
cyclic  voltammograms  do  not  change  and  still  show  stable  peak 
currents  indicating  that  the  CNTs  fabricated  on  FTO  has  excellent 
electrochemical  stability.  Fig.  11c  shows  cyclic  voltammograms  of 
the  IJ/P  system  on  the  CNTs  electrode  with  different  scan  rates 
(20-100  mV  s"1).  With  an  increase  in  scan  rate  the  cathodic  peak 
potential  shifted  towards  negative  direction  and  the  corresponding 
anodic  peak  potential  shifted  towards  positive  direction.  Eventually 
the  good  linear  relationship  between  cathodic  and  anodic  peak 
current  densities  (Fig.  lid)  versus  square  root  of  scan  rates  indi¬ 
cated  the  diffusion  limitation  of  the  redox  reaction  on  CNTs  elec¬ 
trode  surface  [22,23], 

Electrochemical  impedance  spectroscopy  technique  has  been 
used  to  evaluate  the  catalytic  activity  of  CNTs/Pt  counter  electrode 
towards  the  reduction  of  IJ  to  P.  The  EIS  of  CNTs/Pt  based 
symmetric  cells  are  compared  in  Fig.  12.  It  can  be  noticed  that  the 
charge-transfer  resistance  (Rct)  of  Pt  electrode  is  higher  than  the  Rct 
of  CNTs  electrode  as  listed  in  the  inset  of  Fig.  12.  The  Rc t  change  in 
this  study  essentially  refers  to  the  component  of  resistance  against 
electron  transfer  from  the  counter  electrode  to  IJ .  The  smallest  Rct 
value  of  CNTs/FTO  associates  well  with  the  highest  Jsc  value 


Pt-based  counter  electrode. 


Table  2 

Photovoltaic  parameters  for  dye-sensitized  solar  cells  based  on  different  counter 
electrodes  under  100  mW  cm  2  illumination. 


Counter-electrode  Jsc  (mA  cm2)  Voc  (V) 

"off  V22  062 

MWCNTs  15.64  0.78 

MWCNTs  16.20  0.74 

DWCNTs  10.75  0.68 

CNTs  14.78  0.74 

GMWCNTs  5.6  0.76 

CNF  12.1  0.83 

GMWCNT  8.95  0.72 

Graphene  16.99  0.75 

MWCNTs  7.01  0.64 

Pt  13.71  0.77 

MWCNTs  14.24  0.77 


FF 

0.51  3.88 

0.62  7.59 

0.64  7.67 

0.53  6.05 

0.65  7.03 

0.70  3.0 

0.70  7.0 

0.70  4.46 

0.54  6.81 

0.54  2.68 

0.82  8.84 

0.83  8.86 


3] 


[25] 
[9] 

[26] 

[27] 

[28] 


obtained  for  corresponding  DSSCs.  EIS  result  indicates  that  the 
CNTs  can  efficiently  catalyze  the  reduction  of  IJ  to  I  .  The  high 
surface  area  of  CNTs  can  considerably  improve  the  catalytic  activity 
of  the  counter  electrode.  The  increased  fill  factor  (FF)  of  DSSCs  with 
CNTs  counter  electrode  compared  with  those  of  cells  with  Pt 
counter  electrode  also  supports  this  examination.  It  is  known  that 
FF  depends  on  the  resistances  of  the  photoanode,  electrolyte  and 
counter  electrode.  The  higher  FF  of  CNTs  electrode  was  due  to  high 
charge-transfer  rate  and  low  sheet  resistance. 

3.2.8.  DSSC  photovoltaic  performance 

The  j-V  curves  of  DSSCs  based  on  our  CNTs  and  standard  Pt 
counter  electrodes  are  shown  in  Fig.  13.  The  open  circuit  potential 
(Voc),  short  circuit  current  density  (/sc),  FF,  and  conversion  efficiency 
(17)  of  all  cells  are  presented  in  Table  2.  The  DSSCs  using  Pt  as 
counter  electrode  had  Jsc  of  13.71  mA  cm  2,  Voc  of  0.77  V,  FF  of  0.82 
and  rj  of  8.84%  whereas  DSSCs  using  CNTs  as  counter  electrode 
achieved  Jsc  of  14.24  mA  cm-2,  Voc  of  0.77  V,  FF  of  0.83  and  t]  of 
8.86%.  For  comparison  purpose,  the  light-to-electric  energy  effi¬ 
ciencies  of  the  DSSCs  with  different  counter  electrodes  are 
summarized  in  Table  2.  As  can  be  seen  from  Table  2,  the  perfor¬ 
mance  of  DSSC  fabricated  with  counter  electrode  based  on 
MWCNTs  synthesized  in  the  present  work  displayed  superior 
performance  compared  to  most  of  the  earlier  reports.  The  origin  of 
such  a  high  electrocatalytic  activity  of  MWCNTs  electrodes  can  be 
originated  from  the  large  surface  area  provided  by  the  MWCNTs 
[3,30,31].  The  superior  performance  of  MWCNTs  based  counter 
electrode  developed  in  the  present  study  proved  that  device  grade 
MWCNTs  can  be  conveniently  prepared  in  bulk  by  chemical  vapour 
deposition  using  Fe-Cr-SBA-15  catalyst. 

4.  Conclusions 

High-surface  area  and  well-ordered  mesoporous  Fe-Cr-SBA-15 
catalyst  is  successfully  synthesized  by  post  synthesis  grafting  in 
order  to  prepare  well-graphitized  CNTs  with  uniform  diameter. 
Physico-chemical  properties  of  Fe-Cr-SBA-15  are  characterized  by 
low  and  high  angle  XRD,  N2  sorption  isotherm  and  TEM  analysis. 
The  surface  area,  pore  size  and  pore  volume  of  calcined  siliceous 
SBA-15  decreased  upon  grafting  of  Fe  and  Cr  from  801  to 
732  m2  g_1, 5.23  to  4.12  nm  and  0.79  to  0.64  cc  g~\  respectively.  The 
Fe-Cr-SBA-15  shows  high  reduction  stability  and  high  thermal  as 
well  as  hydrothermal  stability.  It  is  found  that  the  CNTs  growth  rate 
is  maximum  at  the  high  temperature  of  800  °C.  Under  the  opti¬ 
mized  conditions  of  800  °C  growth  temperature,  40  mL  min  1 
acetylene  flow  rate  and  20  min  reaction  period,  the  Fe-Cr-SBA-15 
yield  is  298%  carbon  deposit.  TEM  analysis  reveals  that  the  CNTs 
with  a  diameter  of  8—10  nm  are  obtained.  The  ratio  of  /d//g  reaches 
to  a  minimum  value  that  confirms  the  formation  of  high  quality 
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MWCNTs.  The  TGA  result  also  confirms  the  formation  of  high 
quality,  amorphous  free  MWCNTs.  Finally,  CNTs  synthesized  in  the 
present  investigation  is  applied  as  a  counter  electrode  in  DSSCs. 
CNTs  based  counter  electrode  shows  better  performance  than  Pt 
based  counter  electrode. 
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Nomenclature 

a0:  unit  cell  parameter 
a.u.:  arbitrary  unit 
CPE:  constant  phase  element 
j:  current  density  (A  cm-2) 

Jsc:  short  circuit  current  density  (mA  cm-2) 

Sbet'-  BET  Surface  area  (m2  g-1) 

P:  pressure  (Pa) 

P/Po:  relative  pressure 

Rs:  solution  resistance  (£2  cm2) 

Ra:  charge-transfer  resistance  (O  cm2) 

STP:  standard  temperature  pressure 
Voc:  open  circuit  potential  (volt) 

Q:  electrical  resistance  (ohm) 
tj:  conversion  efficiency  (%) 

Abbreviation 

SBA-15:  santa  barbara  amorphous  no.  15 
MCM-41:  mobil  composition  of  matter  no.  41 
CNTs:  carbon  nanotubes 
SWCNTs:  single  walled  carbon  nanotubes 
DWCNTs:  double  walled  carbon  nanotubes 
MWCNTs:  multi  walled  carbon  nanotubes 
CMWCNTs:  graphene-multi  walled  carbon  nanotubes 
CNF:  carbon  nanofiber 
TBP:  4-tert-butyl-pyridine 

P123:  polyethylene  glycol)-block-poly(propylene  glycol)-block-poly(ethylene  glycol) 
TEOS:  tetraethoxysilane 
ALD:  atomic  layer  deposition 

ICP-AES:  inductive  coupled  plasma-atomic  emission  spectroscopy 
BJH  method:  Barret-Joyner-Halenda  method 
FF:  fill  factor 

DSSCs:  dye-sensitized  solar  cells 


